Introduction {#Sec1}
============

Droplets play an important role in numerous applications such as fuel combustion, spray painting, evaporative cooling, droplet microfluidics, and manufacturing. They are also important in naturally occurring phenomena such as precipitation and dew formation. Consequently, understanding the interaction of droplets with various surfaces, especially their dynamic wetting behavior, is essential. One of the techniques to study the droplet wetting characteristics involves the use of a quartz crystal microbalance (QCM). QCMs are fabricated using quartz crystals that are cut along a specific crystallographic plane, and patterned with metallic electrodes (e.g., Fig. [1](#Fig1){ref-type="fig"}). When excited with an oscillating voltage, an unloaded crystal can be made to resonate at its fundamental frequency, *f*~0~. While an unloaded QCM is stress-free, it experiences damping when submerged in a liquid or loaded with a droplet. The viscoelastic coupling between the liquid and the crystal decreases the resonant frequency (*f*) of the QCM. Taking advantage of the QCM's sensitivity and its frequency response to surface phenomena, wetting and transport characteristics have been studied, which includes droplet spreading^[@CR1]--[@CR3]^, contact angle^[@CR4]^, surface tension^[@CR4],[@CR5]^, and electrowetting^[@CR5],[@CR6]^. Additionally, QCMs have also been used to determine viscosity^[@CR7]--[@CR9]^, evaporation^[@CR10]--[@CR13]^ and condensation^[@CR14]^ kinetics and for quantifying slip phenomenon^[@CR15]--[@CR20]^.Figure 1Cross-section and top views of QCM with a centrally placed sessile droplet. The computational study of QCM response considers an AT-cut quartz crystal, coated with concentric electrodes on both sides.

Although droplets have been studied extensively, it is not clear how surface wettability affects the response of a QCM. In particular, a quantitative comparison of the roles of the droplet contact angle and contact area on the QCM response is lacking. For example, Joyce *et al*. studied the evaporation of alcohols and saw unique frequency signatures corresponding to each liquid^[@CR13]^. In this study, the authors describe the frequency response of the QCM during constant contact angle and constant area stages. These stages of evaporation were also noted by Picknett and Bexon^[@CR21]^ for small droplets evaporating in quiescent, low vapor pressure environments, and by Bourgès-Monnier and Shanahan^[@CR22]^ who showed that these stages depend on the surface and the ambient conditions. However, in the work by Joyce *et al*., the role of wettability was not addressed explicitly since no quantitative relationship between the frequency response and the contact angle was given for droplets evaporating in a constant area mode^[@CR13]^. Lin and Ward showed that the frequency response to a liquid partially covering the QCM surface is related to the contact area^[@CR4]^. However, contact angles could only be calculated assuming droplet to be a spherical cap if the volume of the drop was also known. Any dependence on the frequency response from a change in contact angle alone was not addressed. Pham and coauthors used a QCM to study the interfacial effects of drying colloidal suspensions and noted that the response from the constant contact area evaporation stage is essentially constant, indicating that the QCM response could be independent of the contact angle^[@CR12]^.

Contrary to the studies indicating that the QCM response is only a function of the droplet contact area, Zhuang *et al*.'s characterization of dynamic wetting attributed a change in the contact angle to the frequency response of the QCM^[@CR3]^. Similarly, Bai and Hang concluded that the mismatch in their experimental and theoretical frequency shifts was likely due to the variation in the contact angle^[@CR23]^. Prior studies have also been noncommittal on the role of wetting characteristics. For example, when Courtier *et al*. investigated the stages of evaporation using the QCM, they noted a weak increase in the frequency response when the droplet radius was seemingly pinned^[@CR11]^. Since this was generally attributed to the effects at the edge of the droplet, it was not clear if the change in the frequency response was due to changing contact angle or microscopic variations in the contact area of the droplet. Similarly, while Shin *et al*. were able to correlate the frequency response to the mass of a droplet, for a single particular fluid, they described the need for further studies to understand the effect of contact angle on the QCM response^[@CR24]^ as they did not consider the viscosity, density or area coverage of their droplets.

In summary, although the QCM has attracted significant interest in studying droplets, it is not clear how wetting characteristics affect the frequency response. Understanding this aspect is crucial for using QCM to quantify mechanisms such as evaporation, condensation, and dynamic wetting behavior. One of the main reasons for the lack in understanding is the challenge associated with conducting an experiment that can successfully decouple the effects of contact angle and contact area of a droplet. In this work, we decouple these effects with detailed computational modeling combined with experiments to capture the QCM response. One of the crucial outcomes of this study is identifying the range of contact angles that can be sensed by a QCM. We found this to depend on the QCM characteristics, the liquid properties, and the size of the droplet.

Results {#Sec2}
=======

Effect of droplet-surface interaction on the QCM response {#Sec3}
---------------------------------------------------------

Using computational modeling, the frequency response, Δ*f* = *f* − *f*~0~, of the QCM was obtained for a water droplet of radius 10 *μ*m and moderate contact angles of 30°, 60°, and 90°. The shift in resonant frequency from the natural frequency of the crystal $\documentclass[12pt]{minimal}
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                \begin{document}$$({f}_{0}\approx 10\,{\rm{MHz}})$$\end{document}$ is shown in Table [1](#Tab1){ref-type="table"}. In this case, since the frequency shifts are almost identical, the model indicates a negligible effect of the contact angle on the QCM response. This can be explained based on the droplet-QCM interaction, as shown in Fig. [2](#Fig2){ref-type="fig"}, which compares the computed stresses at the droplet-QCM interface at different contact angles and phases (*ωt*) of oscillation. The stress components are normalized by the magnitude of shear stress exerted by an equivalent semi-infinite liquid on the QCM (Eq. ([14](#Equ15){ref-type=""})). Figure [2(a)](#Fig2){ref-type="fig"} compares the normalized stress components, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{T}}_{zx}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{T}}_{zy}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\tilde{T}}_{zz}$$\end{document}$, and Fig. [2(b)](#Fig2){ref-type="fig"} shows the normalized stress components along an axis oriented at 45° from the *x*-axis on the *xy*-plane (see Fig. [1](#Fig1){ref-type="fig"}). For the crystal oscillating along the *x*-direction, the dominant stress is $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zx}$$\end{document}$ for a large portion of the droplet at all phases of oscillation. However, in the contact line region, $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zz}$$\end{document}$ are also prominent, and all the components of stress show contact angle dependence (animations of the oscillating stress components are provided in the Supplementary Information).Table 1Frequency response of a water droplet of radius 10 cm and contact angles of 30°, 60° and 90° calculated from the computational model (f~0~ ≈ 10 MHz).Contact Angle*θ *= 30°*θ* = 60°*θ* = 90°Frequency Response (Hz)−4.9689 × 10^−2^−4.9682 × 10^−2^−4.9683 × 10^−2^Figure 2(**a**) Contour plots of normalized $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zz}$$\end{document}$ for contact angles of 90°, 60°, and 30°. (**b**) Normalized $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zz}$$\end{document}$ as a function of radial location at different phases of oscillation for different contact angles. The normalized stresses are considered along an axis at 45° from the x-axis on the x-y plane.

Complementary to the stress profiles, the velocity in the droplet is dominated by the shear wave along the x-direction, which arises from the motion of the QCM surface. As the crystal oscillates, it drags the liquid close to the surface in phase with it. Away from the surface, the velocity in the liquid decays and is out of phase with the oscillating crystal. Figure [3](#Fig3){ref-type="fig"} shows the computed x-velocity along the axis of the droplet (*z*-axis) plotted at various phases (*ωt*) along with the theoretical velocity described by Stokes's second problem for a semi-infinite fluid (Eq. ([12](#Equ13){ref-type=""})). It can be seen that the computed velocity at the center of a small droplet matches the theoretical prediction. The x-velocity decays quickly in the vertical direction and does not change much in the radial and angular directions, as shown in Fig. [3(b)](#Fig3){ref-type="fig"}. For a chosen liquid, a decay length (δ) can be defined based on the distance from the surface where the shear wave amplitude decays to *e*^−1^ of its value at the crystal surface (Eq. ([3](#Equ3){ref-type=""})). For water on a 10 MHz crystal, *δ* ≈ 170 nm. This parameter, as shown later, is important in determining if a QCM can sense variations in the contact angle of a droplet.Figure 3(**a**) Normalized x-velocity along the vertical z-axis of a 60° droplet of 10 *μ*m radius. Computational results are shown with solid lines and theoretical values (Eq. ([12](#Equ13){ref-type=""})) with dashed line and symbols. The maximum percent difference between any two corresponding curves is 0.08%. x- (**b**), y- (**c**) and z-velocity (**d**) components for a 60°, 10 *μ*m droplet, normalized to maximum velocity.

Compared to the x-velocity, the y and z components are an order of magnitude smaller and prominent only near the contact line where the height of the droplet surface is comparable to the decay length, *δ*. The changes in the velocity components near the contact line explain the deviation of the stress values from that of a semi-infinite liquid for which $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zz}=0$$\end{document}$. These variations in the stress profiles are important to determine the effect of contact angle on the frequency response of the QCM. For a 10 *μ*m water droplet with moderate contact angles on a 10 MHz crystal, although the stress profiles have notable differences, the variation is only near the contact line of the droplet (0.95 \< *r*/*r*~d~ \< 1). As a result, the difference in the overall shear stress is insufficient to affect the frequency response significantly.

It can be argued that the lack of variation in the frequency response is due to the use of a droplet (*r*~*d*~ = 10 *μ*m) much smaller than the QCM electrode (*r*~*e*~ = 2.5 mm). In particular, droplets with larger contact line region can be expected to show a noticeable difference in the frequency response for different contact angles. In order to probe this aspect, the computational model was used to obtain the frequency response for water droplets of radius 10, 100, and 1000 *μ*m and contact angles of 30°, 60°, and 90° on a 10 MHz quartz crystal. Figure [4(a)](#Fig4){ref-type="fig"} shows the computed shift in the resonance frequency (Δ*f*) of the QCM for different contact angles and radii.Figure 4(**a**) Frequency response of different contact angles at various radii. (**b**) Frequency response for different contact angles, and contact radii close to 100 *μ*m. Inset shows the frequency shift for a 100 *μ*m droplet and different contact angles. (**c**) Normalized stress for a droplet of contact angle 90 and different radii. Normalized stress is calculated along a line 45 from the x-axis.

Evidently, large changes in the droplet radius (10 *μ*m → 100 *μ*m → 1000 *μ*m) cause distinct frequency variations. However, for a given radius, a change in the droplet contact angle alone results in much smaller variation in the frequency response of the QCM. By investigating droplets around 100 *μ*m, a comparison of the frequency response from a changing radius versus a changing contact angle can be seen in Fig. [4(b)](#Fig4){ref-type="fig"}. Any variation in the frequency response from a change in the contact angle is dwarfed in comparison to a 1 *μ*m change in droplet radius. For large droplets, where the height, as well as the radius, are much larger than the decay length (*δ*), the frequency responses for a fixed radius and different contact angles are almost identical. Hence, large droplets do not seem to amplify the effect of contact angle on the frequency response. In order to understand why this takes place, the stress exerted at the contact line region is compared to the overall stress at the droplet-QCM interface.

Figure [4(c)](#Fig4){ref-type="fig"} shows the normalized stress components ($\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{ij}$$\end{document}$) at the droplet-QCM interface (Eq. ([19a](#Equ20){ref-type=""})). The normalized stress components are shown in the contact line region for droplets of 90° contact angle and different radii. For large droplets, it is apparent that the shear stress, $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zx}$$\end{document}$, exerted at droplet-surface interface matches that of a semi-infinite liquid as we move away from the contact line region and closer to the droplet center. In the contact line region, the stress values can differ from the center of the droplet and show contact angle dependence, as seen earlier in Fig. [2](#Fig2){ref-type="fig"}. Although the contact line region expands with the size of the droplet, the relative contribution of the stress exerted near the contact line becomes less prominent compared to the overall stress exerted by the droplet on the QCM. In addition, the QCM sensitivity can also deteriorate away from the center of the electrode^[@CR1],[@CR25],[@CR26]^ (Eq. ([5](#Equ6){ref-type=""})). As a result, the QCM is less sensitive towards the edge of large droplets. Therefore, for sufficiently large droplets, a change in the contact angle is imperceptible, and the QCM response can be considered to be a function of the contact radius alone. Droplets with dimensions (height, radius) on the order of the decay length (*δ*) may show a frequency response to a changing contact angle with a constant radius.

Regime map for contact angle-dependent frequency response {#Sec4}
---------------------------------------------------------

For the water droplets considered, while the analysis has not indicated any dependence of the frequency response on the contact angle, this observation cannot be generalized. Indeed, it is possible to detect variations in the contact angle using a QCM for specific combinations of liquids, droplet sizes, and QCM characteristics. To determine conditions suitable for sensing contact angles with a 10 MHz crystal, water (*δ* ≈ 170 nm) droplets of 10 *μ*m radius with contact angles of 0.5° to 90°, and glycerol (*δ* ≈ 5 *μ*m) droplets of 2.6 *μ*m and 10 *μ*m radii with contact angles of 15° to 165° were analyzed. Figure [5(a--c)](#Fig5){ref-type="fig"} shows the frequency responses for the various droplets.Figure 5Frequency response of (**a**) 10 *μ*m radius water, (**b**) 10 *μ*m radius glycerol, and (**c**) 2.6 *μ*m radius glycerol droplets. (**d**) Normalized $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{zx}$$\end{document}$ stress profiles on the surface of a 10 *μ*m radius water droplet at various contact angles. (**e**) Regime map of contact angle dependent frequency response. The line $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{d}/\delta =\,\cot (\theta /2)$$\end{document}$ separates droplets with frequency responses that show contact angle dependence from those that show responses independent of contact angle variations.

At a fixed radius, a shift towards lower resonance frequency (Δ*f* = *f* − *f*~0~) can be observed as the contact angle increases, which can gradually taper off, making higher contact angles indistinguishable. For a 10 *μ*m water droplet, the response stops changing beyond 2.5° (Fig. [5(a)](#Fig5){ref-type="fig"}). For a 10 *μ*m glycerol droplet, the response is invariant beyond 60° (Fig. [5(b)](#Fig5){ref-type="fig"}). And for a smaller glycerol droplet (*r*~*d*~ = 2.6 *μ*m), the resonance frequency decreases until *θ* ≈ 150° and then increases again, giving the same response at 165° as 120° (Fig. [5(c)](#Fig5){ref-type="fig"}).

For droplets with dimensions approaching the viscous decay length (*δ*), as the contact angle changes, the stress profiles vary and differ significantly from the bulk value corresponding to a semi-infinite liquid. For a water droplet (*r*~*d*~ = 10 *μ*m), Fig. [5(d)](#Fig5){ref-type="fig"} illustrates this aspect when the contact angle is varied between 0.5° to 2.5°. With characteristic dimensions (*h*, *r*~*d*~) larger than the viscous decay length, the stress profiles for large droplets approach the bulk value at the center of the droplet, as shown in Fig. [5(d),](#Fig5){ref-type="fig"} for contact angles varied from 5° to 30°. Consequently, the frequency response becomes invariant to the changes in the contact angle. By extension, it is easy to see how the QCM response to other liquids, like glycerol, may show higher sensitivity to changes in contact angle. With a decay length 30 times larger than that of water, contact angles as large as 60° can be sensed for a 10 *μ*m glycerol droplet.

This understanding can be used to derive a general criterion for the measurable range of contact angles based on a comparison of the droplet size and the viscous decay length. Geometrically, the radius (*r*~*d*~) and the height (*h*) of a droplet are related to the contact angle as $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{d}=h\,\cot (\theta /2)$$\end{document}$. We note that the variations in the droplet contact angle can be sensed by the QCM when the droplet height is less than the decay length. Mathematically, the measurable range of contact angles is then given by $\documentclass[12pt]{minimal}
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                \begin{document}$$0 < \theta  < 2{\cot }^{-1}({r}_{d}/\delta )$$\end{document}$. This criterion is shown as a dashed curve in Fig. [5(e)](#Fig5){ref-type="fig"} denoting $\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{d}/\delta =\,\cot (\theta /2)$$\end{document}$ to highlight the region where contact angle effects can be sensed using the QCM. To test this criterion, the frequency responses corresponding to water and glycerol droplets shown in Fig. [5(a--c)](#Fig5){ref-type="fig"} are plotted in Fig. [5(e)](#Fig5){ref-type="fig"}. The data points in Fig. [5(a--c)](#Fig5){ref-type="fig"} showing contact angle dependence satisfy this criterion and lie on the left side of the dashed curve, whereas data points that do not show contact angle dependence lie on right side of the dashed curve in Fig. [5(e)](#Fig5){ref-type="fig"}.

Clearly, *r*~*d*~/*δ* controls the measurable range of contact angle. As *r*~*d*~/*δ* grows with larger droplets, the maximum contact angle that can be detected by the QCM decreases. In this regard, a larger decay length (*δ*) would allow studying contact angle effects for larger droplets. Apart from the thermophysical properties of the liquid, since *δ* is related to QCM characteristics (Eq. ([3](#Equ3){ref-type=""})), crystals with lower natural frequencies may allow studying the contact angle effects of larger droplets. Finally, it is important to note that Fig. [5(e)](#Fig5){ref-type="fig"} is not intended to be a precise cut-off. However, it provides a useful guideline to determine if the frequency response of the QCM is a function of contact angle (Δ*f* = *f*(*θ*, *r*~*d*~)) or mainly a function of contact radius (Δ*f* ≈ *f*(*r*~*d*~)).

Model prediction versus experiments {#Sec5}
-----------------------------------

For a crystal (*f*~0~ = 10 MHz) loaded with large water droplets (*r*~*d*~ \> 1 mm), since moderate contact angles have a negligible effect on the frequency response (Fig. [5(e)](#Fig5){ref-type="fig"}), the response can be approximated as a function of droplet radius (Eq. ([8](#Equ9){ref-type=""})). Figure [6(a)](#Fig6){ref-type="fig"} shows the shift in the resonance frequency of the QCM for droplets of different radii using Eq. ([8](#Equ9){ref-type=""}). Also plotted are the frequency responses obtained from the computational model and experiments, showing good agreement with Eq. ([8](#Equ9){ref-type=""}). In this case, experimental results were obtained by recording the radius of a water droplet on a horizontal 10 MHz QCM with gold electrodes using a commercial system (eQCM, Gamry Instruments) and overhead imaging using a Nikon D610 DSLR and InfiniProbe TS-160 macro lens. Deionized water droplets (Sigma Aldrich) of known volume were deposited at the center of the electrode multiple times for repeatability. The frequency response for small droplets was also predicted using Lin and Ward's study^[@CR4]^, which uses a first-order approximation, and Kanazawa's equation (Eq. ([2](#Equ2){ref-type=""})). Since the effect of contact angle can be neglected for the droplet dimensions considered, the computational predictions and experimental results agree well with Eq. ([8](#Equ9){ref-type=""}). For small droplets $\documentclass[12pt]{minimal}
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                \begin{document}$$({r}_{d}\ll {r}_{e})$$\end{document}$, there is a good agreement with Lin and Ward's study. As droplets become larger, the response approaches Kanazawa's equation, which is applicable for semi-infinite liquids.Figure 6(**a**) Effect of droplet radius on frequency response, normalized to electrode radius and the frequency response a QCM with a semi-infinite liquid (\|Δf~K~\|l). Error bars represent one standard deviation and are smaller than the marker for the first six experimental data points. (**b**) The frequency response of a 2.5 *μ*l evaporating sessile droplet compared with radius and contact angle measurements. (**c**) Visualization of an evaporating sessile droplet on 10 MHz QCM.

For large droplets, the contact angle independence and radius dependence was also observed in experiments involving evaporation of water droplets on the QCM. In this case, the frequency response of the evaporating sessile droplet was determined using a commercial system (eQCM, Gamry Instruments) with a 10 MHz AT-cut crystal. Figure [6(b)](#Fig6){ref-type="fig"} shows the characteristic curve of frequency response over time. These experiments were conducted while observing the change in the shape of the droplet, as shown in Fig. [6(c)](#Fig6){ref-type="fig"}. Visualization allowed monitoring the radius of the droplet versus time^[@CR27]^, which is plotted in Fig. [6(b)](#Fig6){ref-type="fig"} along with the frequency response. Note that similar curves were also reported in earlier studies without a definitive conclusion regarding the dependence of QCM response on the contact angle^[@CR11]--[@CR13],[@CR28]^.

The visualization clearly shows a constant contact radius mode of evaporation. From the deposition of the droplet until *t* = 1200 seconds, the radius measured and shown in Fig. [6(b)](#Fig6){ref-type="fig"}, is constant during this period while the contact angle changes from almost 80° to 30°. As anticipated from the regime map (Fig. [5(e)](#Fig5){ref-type="fig"}) and the computational results shown in Fig. [4(a,b)](#Fig4){ref-type="fig"}, the large variation in the contact angle of a 1 mm sized droplet produces no discernible frequency response of the QCM. As the contact line de-pins and the radius begins to decrease, the frequency increases proportionally. This observation is in agreement with the computational model, which confirms that the QCM is ineffective in keeping track of any change in the contact angle for larger droplets, but is sensitive to changes in the contact area of a droplet.

Conclusions {#Sec6}
===========

Although QCMs have been used widely to study droplets on different surfaces, it was not clear how the contact angle or wettability of a droplet affects the frequency response of the QCM. In this study, the roles of droplet contact angle and contact area on the frequency response of a QCM were determined using detailed computational modeling supported with experiments. The computational model solves the piezoelectric (quartz) and fluid (droplet) domains, which allows predicting the frequency response of droplets with different contact angles and radii. The model indicates a negligible change in the resonance frequency of the QCM when the contact angle of a 10 *μ*m droplet was varied from 30° to 90° on a 10 MHz AT-cut quartz crystal. To see if larger droplets show similar behavior, the model predicted the frequency response of water droplets with a radius of 10, 100, and 1000 *μ*m and contact angles of 30°, 60°, and 90°. For these droplets, the stress profiles at the droplet-QCM interface show notable differences when the contact angle is changed. However, the variations in the stress profiles are confined to the contact line region of the droplet, and less prominent compared to the overall stress exerted at the droplet-QCM interface. Hence, the QCM would not sense any change in the contact angle. However, it is quite sensitive to changes in the droplet radius.

The conditions suitable for sensing variations in the droplet contact angles were found to depend on the viscous decay length, *δ*. By comparing the droplet geometry with *δ*, it is possible to estimate the range of contact angles that can be sensed by the QCM. This study found the measurable range of contact angles to be $\documentclass[12pt]{minimal}
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                \begin{document}$$0 < \theta  < 2{\cot }^{-1}({r}_{d}/\delta )$$\end{document}$. Consequently, for large droplets, the QCM response was found to depend mainly on the droplet radius. Using visualization of evaporating droplets, we found similar behavior in experiments, wherein no change in frequency was observed when the droplet was pinned, and the contact angle was decreasing. However, the resonance frequency increased significantly as the droplet receded during evaporation. In summary, this study provides a more in-depth insight into the role of wettability on the frequency response of a QCM, which will allow interpreting data from a QCM accurately to elucidate mechanisms like evaporation, condensation, and droplet spreading.

Background Theory {#Sec7}
=================

The change in the resonance frequency, Δ*f*, of the QCM due to the deposition of a thin, rigid mass, Δ*m*, on the crystal is given by Sauerbrey^[@CR29]^ (Eq. ([1](#Equ1){ref-type=""})), where $\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{q}$$\end{document}$ is the shear modulus of quartz, and *A*~*q*~ denotes the active or electrode area of the quartz crystal.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta f=-\frac{2{f}_{0}^{2}}{{({\rho }_{q}{\mu }_{q})}^{1/2}}\frac{\Delta m}{{A}_{q}}=-\,{C}_{f}\frac{\Delta m}{{A}_{q}}$$\end{document}$$

An unloaded QCM can be considered to be stress-free. When submerged in a semi-infinite liquid of density, $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{l}$$\end{document}$, and viscosity, *μ*~*l*~, the viscoelastic coupling between the liquid and the QCM will decrease the resonant frequency of the crystal. This decrease is derived from a force-balance by Kanazawa^[@CR30],[@CR31]^ (Eq. ([2](#Equ2){ref-type=""})), which is seen experimentally and predicted computationally, as shown in Fig. [7(a)](#Fig7){ref-type="fig"}.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta f=-\,\frac{{f}_{0}^{3/2}}{{(\pi {\rho }_{q}{\mu }_{q})}^{1/2}}{({\rho }_{l}{\mu }_{l})}^{1/2}$$\end{document}$$Figure 7(**a**) Comparison of computational frequency response to Kanazawa's equation and experimental results. (**b**) Comparison of computed velocity (solid) of a wetted QCM along lines parallel to the x-axis to a fitting of Eq. [5](#Equ6){ref-type=""} with the parameters *v*~*c*~ = 0.0536 m/s and *a* = 0.8523 (dashed). Inset showing contour plot of velocity across the QCM surface indicates weak angular dependence of velocity. Dotted lines on the contour plot correspond to y-locations plotted in the main figure.

Note that the total mass of liquid on the crystal does not play a role in Eq. ([2](#Equ2){ref-type=""}). As the crystal oscillates, it drags the liquid close to the surface in phase with it. Away from the surface, the velocity in the liquid decays and is not in phase with the oscillating crystal. Mathematically, this is similar to the Stokes problem, which describes the velocity in the liquid as a damped sinusoid. For a QCM oscillating at an angular frequency, *ω*, the effective decay length, *δ*, is given by the following equation^[@CR4]^. For a 10 MHz crystal submerged in water, *δ* is 170 nm.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\delta ={(\frac{2{\mu }_{l}}{\omega {\rho }_{l}})}^{1/2}$$\end{document}$$

By comparing Eqs. ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}), an effective mass layer for a semi-infinite liquid can be determined. Considering the areal mass density, Δ*m*/*A*~*q*~, to be $\documentclass[12pt]{minimal}
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                \begin{document}$$\delta {\rho }_{l}/2$$\end{document}$, Eqs. ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}) can be found to be analogous^[@CR4]^. Hence, the effective mass layer and the sensing capability of a QCM in a liquid media extends only to a distance of about *δ*/2 from the surface of the QCM. Consequently, any phenomena occurring well beyond *δ*/2 in the liquid are typically not sensed. However, there are exceptions to this rule. Factors known to affect the frequency response of the QCM include surface roughness^[@CR12],[@CR32]^, hydrostatic pressure^[@CR33]^, and the conductivity of the liquid^[@CR34],[@CR35]^. Under certain conditions, each of these effects can be minor. For example, with smooth polished surfaces and small droplets, roughness and gravitational effects can be neglected. In the case of liquids, like deionized water, the electrical conductivity is typically low (\~5.5 × 10^−6^ S/m), which is too small to influence the frequency response of the QCM^[@CR35]^.

Additionally, for liquids, longitudinal or compressional waves are also found to exist due to the nonuniform velocity profile at the surface of the QCM^[@CR36]--[@CR38]^. For a finite fluid layer with a liquid-air interface, this can impact the frequency response due to the formation of stationary or standing waves between the QCM surface and the liquid-air interface^[@CR39]^. While it is possible to see the effect of compressional waves on the frequency response, it only occurs at specific radii and heights. The response is magnified when the droplets are placed off-center relative to the center of the QCM electrode^[@CR28],[@CR39]^. Since the effect of compressional waves is minimal at the center of the electrode^[@CR36],[@CR37]^, they are insignificant for small droplets ($\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{d}\ll {r}_{e}$$\end{document}$) centered on the QCM. In addition, the compressional waves become less prominent for quartz crystals with higher natural frequencies (*f* \> 4 MHz) and those with planar crystal geometries^[@CR39]^.

Compared to a semi-infinite liquid, the frequency response to a finite liquid volume is different, which can be derived as follows. The point mass sensitivity, *c*~*f*~, of the QCM is known to depend on the surface velocity, *v*~*s*~, as $\documentclass[12pt]{minimal}
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                \begin{document}$${c}_{f}(r,\theta )\propto |{v}_{s}(r,\theta ){|}^{2}$$\end{document}$, where both *c*~*f*~ and *v*~*s*~ are expressed in cylindrical polar coordinates^[@CR25]^. The velocity profile of a QCM can be considered to be a Gaussian function centered at the origin (Eq. ([4](#Equ4){ref-type=""})), as assumed in many studies^[@CR1],[@CR25],[@CR26]^.$$\documentclass[12pt]{minimal}
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                \begin{document}$${v}_{s}(r,t)\approx {v}_{c}{{\rm{e}}}^{-a{r}^{2}/{r}_{e}^{2}}\,\cos (\omega t)$$\end{document}$$

In Eq. ([4](#Equ4){ref-type=""}), *v*~*c*~ is the velocity at the center of the electrode, *a* and *b* are intrinsic QCM constants, *r* is the radial position, *r*~*e*~ is the radius of the electrode, and *ωt* is the phase of the oscillation^[@CR40]^. For a planar crystal, the angular dependence can be neglected^[@CR25]^, and with *a* ≈ *b*, the velocity only varies in the radial direction (Eq. ([4b](#Equ5){ref-type=""})). In this study, we also confirm the existence of a Gaussian velocity profile^[@CR1],[@CR26]^ with computational modeling (Fig. [7(b)](#Fig7){ref-type="fig"}). In Eq. ([4b](#Equ5){ref-type=""}), *a* is a constant intrinsic to the QCM. While its value is not precisely determined, some literature report *a* ≈ 2^[@CR40],[@CR41]^, while Lin^[@CR1],[@CR36]^ reports *a* ≈ 1. In this study, *a* is found by a regression analysis of the computed velocity profiles to be near unity, as discussed later.

With the velocity profile known, the point mass sensitivity, *c*~*f*~, can be determined using the area-averaged value of $\documentclass[12pt]{minimal}
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                \begin{document}$${v}_{s}^{2}$$\end{document}$ (Eq. ([4b](#Equ5){ref-type=""})) over the QCM surface^[@CR25]^, as shown in Eq. ([5](#Equ6){ref-type=""}). The Gaussian distribution for QCM sensitivity, as confirmed by Hess^[@CR37]^, can be slightly ellipsoidal like the surface velocity (Eq. ([4a](#Equ4){ref-type=""})). However, it can be well approximated by ignoring its angular dependence^[@CR25],[@CR37]^.$$\documentclass[12pt]{minimal}
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                \begin{document}$${c}_{f}(r)={C}_{f}\frac{2a}{\pi {r}_{e}^{2}}{e}^{-2a{r}^{2}/{r}_{e}^{2}}$$\end{document}$$

Further integration of *c*~*f*~ along with the effective mass layer over a portion of the QCM surface will determine the frequency response of the QCM to finite liquid loading^[@CR1]^,$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta f=-\,\,{\int }_{0}^{2\pi }\,{\int }_{0}^{r}\,{c}_{f}(r^{\prime} ,\theta )m(r^{\prime} ,\theta )r^{\prime} dr^{\prime} d\theta =\pi \delta {\rho }_{l}{\int }_{0}^{r}\,{c}_{f}(r^{\prime} )r^{\prime} dr^{\prime} $$\end{document}$$
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                \begin{document}$$m(r^{\prime} ,\theta )$$\end{document}$ has been replaced with the effective aerial mass density $\documentclass[12pt]{minimal}
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                \begin{document}$$(\delta {\rho }_{l}/2)$$\end{document}$. By using Eqs. ([5](#Equ6){ref-type=""}) and ([6](#Equ7){ref-type=""}), the frequency response, Δ*f*, for a finite liquid radius can be found as$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta f=-\frac{1}{2}{C}_{f}\delta {\rho }_{l}(1-{e}^{-2a{r}^{2}/{r}_{e}^{2}})$$\end{document}$$

In order to write Eq. ([7](#Equ8){ref-type=""}) in a form analogous to Kanazawa's equation (Eq. ([2](#Equ2){ref-type=""})), *C*~*f*~ and *δ* can be replaced using Eqs. ([1](#Equ1){ref-type=""}) and ([3](#Equ3){ref-type=""}), respectively.$$\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta f=-{f}_{0}^{3/2}\frac{{({\rho }_{l}{\mu }_{l})}^{1/2}}{{(\pi {\rho }_{q}{\mu }_{q})}^{1/2}}(1-{e}^{-2a{r}^{2}/{r}_{e}^{2}})$$\end{document}$$

Equation ([8](#Equ9){ref-type=""}) describes the frequency shift based on the finite contact radius, *r*, of a fluid on the QCM. For a large contact radius (*r* → ∞), Eq. ([8](#Equ9){ref-type=""}) takes the form of Kanazawa's equation for a crystal loaded with semi-infinite liquid. However, note that Eq. ([8](#Equ9){ref-type=""}) does not include any information regarding the contact angle of the finite liquid since it is derived assuming a column with a contact radius, *r*, and infinite height. The application of Eq. ([8](#Equ9){ref-type=""}) can be seen in Fig. [6(a)](#Fig6){ref-type="fig"}. In order to determine the effect of contact angle on the resonant frequency, the force interactions between the crystal surface and the droplet must be examined.

For a droplet on the QCM, the velocity in the fluid domain can be derived from the Navier-Stokes equations, which can be simplified to Eq. ([9](#Equ10){ref-type=""}) under the assumptions that spatial derivatives in the *z*-direction are much larger than spatial derivatives in *x* and *y* directions, and noting that the velocity in the *x*-direction, *v*~*x*~, is much larger than the other velocity components^[@CR40]^.$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{l}\frac{\partial {v}_{x}}{\partial t}={\mu }_{l}\frac{{\partial }^{2}{v}_{x}}{\partial {z}^{2}}$$\end{document}$$

With Eqs. ([4b](#Equ5){ref-type=""}) and ([10](#Equ11){ref-type=""}) as boundary conditions and Eq. ([11](#Equ12){ref-type=""}) as the initial condition, the solution of Eq. ([9](#Equ10){ref-type=""}) is nearly identical to Stokes's second problem, as shown in Eq. ([12](#Equ13){ref-type=""})^[@CR36]^. This analytical solution is compared with the computational result in Fig. [3](#Fig3){ref-type="fig"}.$$\documentclass[12pt]{minimal}
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                \begin{document}$${v}_{x}(r,z,t)={v}_{c}{e}^{(-a{r}^{2}/{r}_{e}^{2}-z/\delta )}\,\cos (\omega t-z/\delta )$$\end{document}$$

For a liquid on the QCM surface, the velocity decays quickly in the *z*-direction. This velocity gradient gives rise to shear stress that damps the motion of the QCM surface. The shear stress, *T*~*zx*~, on the QCM can be calculated from the velocity gradient at the crystal surface as $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{zx}=-\,{\mu }_{l}(\partial {v}_{x}/\partial z){|}_{z=0}$$\end{document}$, which gives$$\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{zx}=|{T}_{zx}|\,\cos (\omega t+\pi /4)$$\end{document}$$where the magnitude of the shear stress, $\documentclass[12pt]{minimal}
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                \begin{document}$$|{T}_{zx}|$$\end{document}$, is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$$|{T}_{zx}|={v}_{c}{(\omega {\rho }_{l}{\mu }_{l})}^{1/2}{e}^{-a{r}^{2}/{r}_{e}^{2}}$$\end{document}$$

Although the stress on the QCM surface is similar in form to the velocity (Eq. ([12](#Equ13){ref-type=""})), it is out of phase by *π*/4 and is proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$${({\rho }_{l}{\mu }_{l})}^{1/2}$$\end{document}$. Since the viscous decay length, *δ*, is typically small compared to the height of the droplet, the assumptions in Eq. ([9](#Equ10){ref-type=""}) hold over the vast majority of the contact area between the droplet and the QCM. However, these assumptions do not hold near the contact line where the height of the droplet is comparable to the viscous decay length. In addition, the *y* and *z*-component velocities also become significant near the contact line. Consequently, there is no simple analytical solution for the force or the shear stress on the QCM surface in the contact line region as a function of the contact angle. Hence, a computational model is necessary to derive the force exerted on the QCM surface near the three-phase contact line.

Computational Modelling of QCM Response {#Sec8}
=======================================

By using computational modeling, the frequency response of the QCM can be determined for droplets of a given radius and contact angle. Specifically, the model predicts the electrical admittance of the QCM over a spectrum of excitation frequencies. The QCM exhibits resonance at the frequency, *f*, where the conductance (the real component of electrical admittance) is maximum.

Fully-coupled computational model {#Sec9}
---------------------------------

The fully-coupled model considers a droplet on an AT-cut quartz crystal to investigate the effect of contact angle and contact area on the QCM response (Fig. [1](#Fig1){ref-type="fig"}). Dimensions of the 5 MHz and 10 MHz QCMs used in this study are given in the Supplementary Table [S3](#MOESM1){ref-type="media"}. The three-dimensional transient model directly couples a piezoelectric domain (quartz crystal) to a fluid domain (water droplet). The piezoelectric domain is given a sinusoidal voltage causing it to oscillate in a thickness-shear mode. The oscillations at the solid-liquid interface give rise to highly damped shear and compressional waves in the fluid. In order to characterize the motion of the quartz crystal and the droplet, the computational model solves the governing equations in the piezoelectric and the fluid domains, as described below. To solve this highly coupled and complex system a commercially available finite element software (COMSOL Multiphysics^[@CR42]^) was used. All governing equations were solved in the frequency domain to capture the oscillatory nature of the QCM and droplet response.

### Piezoelectric domain {#Sec10}

The equation governing the motion of the quartz crystal is given by$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{q}\frac{{\partial }^{2}{u}_{q}}{\partial {t}^{2}}+\nabla \cdot T=0$$\end{document}$$where *u*~*q*~ is the displacement vector, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{q}$$\end{document}$ is the density of quartz, and *T* is the stress tensor. Since an oscillating potential is applied to the QCM, charge conservation in the quartz crystal requires that $\documentclass[12pt]{minimal}
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                \begin{document}$$\nabla \cdot D={\rho }_{v}$$\end{document}$, where *D* is electric displacement vector and $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{v}$$\end{document}$ is the volumetric charge density. In order to account for the piezoelectric effect in quartz, a constitutive equation coupling Hooke's law with Maxwell's equation is used, as shown in Eq. ([16](#Equ17){ref-type=""})^[@CR43]^. This equation relates *T* and *D* with the strain, *S*, and the electric field, *E*.$$\documentclass[12pt]{minimal}
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                \begin{document}$$[\begin{array}{c}S\\ D\end{array}]=[\begin{array}{cc}{s}^{E} & {d}^{t}\\ d & {\varepsilon }^{T}\end{array}]\,[\begin{array}{c}T\\ E\end{array}]$$\end{document}$$Here, *s*, *d*, and *ε* are material properties denoting the elastic compliance, piezoelectric and permittivity tensors, respectively. The superscripts *E* and *T* denote evaluation at constant electric field and constant stress, respectively, and the superscript *t* denotes transpose^[@CR43]^. Generally, these properties depend not only on the chosen material but also on the plane along which the crystal is cut. In this study, left-handed quartz property values were obtained from the 1978 IEEE Standard on Piezoelectricity, and rotated at the Euler angles (ZXZ) of *α* = 0, *β* = −54.75°, *γ* = 0 for an AT-cut crystal. These properties are listed in the Supplementary Information^[@CR42]^. In practice, while the QCM consists of two metallic electrodes, they are neglected in the computational analysis since they are relatively thin and have low resistivity.

### Fluid domain {#Sec11}

The acoustic waves generated at the solid-fluid boundary can be captured by linearizing the continuity, momentum, and energy conservation equations in the fluid domain. For small acoustic perturbations around the steady-state, the equations governing mass and momentum conservation are given by$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{{l}_{0}}\frac{\partial v}{\partial t}=\nabla \cdot [-\,pI+{\mu }_{l}(\nabla v+{(\nabla v)}^{t})-(\frac{2}{3}{\mu }_{l}-{\mu }_{B})(\nabla \cdot v)I]$$\end{document}$$

Assuming an isothermal droplet (*T*~0~ = 25 °C) in atmospheric conditions (*p*~0~ = 101.325 kPa), the dependent variables include the velocity, *v*, and pressure, *p*, which are small periodic perturbations arising from acoustic waves in the fluid. The small acoustic deviations in the fluid density, $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{{l}_{t}}$$\end{document}$, can be found using the acoustic pressure, *p*, as $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{{l}_{t}}={\rho }_{{l}_{0}}{\beta }_{T}p$$\end{document}$, where the equilibrium liquid density, $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{{l}_{0}}=f({p}_{0},{T}_{0})$$\end{document}$ and *β*~*t*~ is isothermal compressibility. Here, *μ*~*l*~ and *μ*~*B*~ denote dynamic and bulk viscosity, respectively. These properties are listed in Supplementary Tables [S1](#MOESM1){ref-type="media"} and [S2](#MOESM1){ref-type="media"}^[@CR44],[@CR45]^.

A fully-coupled dynamic model solves Eqs. ([15](#Equ16){ref-type=""}) to ([18](#Equ19){ref-type=""}). As boundary conditions for the piezoelectric domain, a sinusoidal voltage, $\documentclass[12pt]{minimal}
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                \begin{document}$$V={V}_{0}\,\cos (\omega t)$$\end{document}$ is applied at the bottom or non-sensing electrode of the QCM (Fig. [1](#Fig1){ref-type="fig"}), while the top or sensing electrode is grounded (*V* = 0). The remaining areas on the QCM are assigned a zero charge density, or $\documentclass[12pt]{minimal}
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                \begin{document}$$n\cdot D=0$$\end{document}$. At the quartz-droplet interface, a continuity in velocity (no-slip) condition is assigned. The remaining boundaries are left unconstrained. For analyzing droplets, a normal pressure given by the Laplace pressure, 2*σκ*, is applied to the fluid domain at the air-water interface based on the surface tension, *σ*^[@CR45]^ and the curvature, *κ*. The fully-coupled model is meshed, as shown in Supplementary Fig. [S1](#MOESM1){ref-type="media"}. Since the fully-coupled model interfaces the piezoelectric and fluid domains directly, analysis of large droplets becomes computationally challenging. For this reason, large droplets are analyzed using a decoupled model where the droplet and the crystal are analyzed separately, and then coupled indirectly, as described below.

Decoupled computational model {#Sec12}
-----------------------------

In the decoupled model, the droplet and the QCM are indirectly coupled with continuity in velocity and stress at the interface, as shown in Fig. [8](#Fig8){ref-type="fig"}. In this case, the frequency response to different contact angles and areas can be obtained by mapping the shear stress from an independent droplet analysis to the QCM surface.Figure 8Interfacing the droplet with QCM in a decoupled model.

The decoupled model obtains a normalized stress profile from a finite element model of a sessile droplet with an oscillating base. The base is prescribed a velocity in the x-direction that is Gaussian in form as experienced by a droplet on a QCM surface (Eq. ([4b](#Equ5){ref-type=""})). The stress profile (Eq. ([19a](#Equ20){ref-type=""})) is then determined as a complex-valued function of the polar coordinates and time ($\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{r},\theta ,t$$\end{document}$). Subscript *ij* in Eq. ([19a](#Equ20){ref-type=""}) denotes *zx*, *zy*, and *zz* directions. A non-dimensional radial coordinate, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{r}$$\end{document}$ (Eq. ([19b](#Equ21){ref-type=""})), is useful in capturing the stress near the three-phase contact line region for various sized droplets.$$\documentclass[12pt]{minimal}
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The normalized stress components for water droplets of 90° contact angle and different radii are shown in Fig. [4(c)](#Fig4){ref-type="fig"}. The stresses for all droplets lie on the same curve when non-dimensionalized in magnitude and position by Eqs. ([19a](#Equ20){ref-type=""}) and ([19b](#Equ21){ref-type=""}), respectively. For a given contact angle and viscous decay length, the edge effects due to stress propagate a fixed distance into the droplet from the contact line. This contact line region width is fixed even as the radius of a droplet increases since the geometry (normalized using *δ*) is identical for a given contact angle; thus the normalized fluid velocity and stress profiles will also be similar.

The shear stress profile ($\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{T}}_{ij}(\tilde{r},\theta ,t)$$\end{document}$) is then mapped on to the QCM surface as a velocity-dependent boundary stress in place of a physical droplet (Eq. ([20](#Equ22){ref-type=""})). This approach allows efficient calculation of the QCM response by reducing the computational demands significantly.$$\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{ij}(r,\theta ,t)=-\,{(\omega \rho \mu )}^{1/2}\,{\tilde{T}}_{ij}(\tilde{r},\theta ,t)\,\frac{\partial {u}_{x}}{\partial t}$$\end{document}$$Here, *u*~*x*~ is the displacement of the QCM surface in the *x*-direction, which depends on the potential applied at the QCM electrodes. Analogous to a droplet placed on the QCM, this stress damps the oscillations to result in a shift in the resonance frequency compared to an unperturbed QCM.

### Model prediction versus experiments and theory {#Sec13}

Figure [4(c)](#Fig4){ref-type="fig"} shows that the shear stress, *T*~*zx*~, was found to be identical to Eq. ([13](#Equ14){ref-type=""}), derived from theory, for a major portion of the droplet area. The interfacial stress approaches the value of a semi-infinite liquid (Eqs. ([13](#Equ14){ref-type=""}) and ([14](#Equ15){ref-type=""})) within a distance of approximately *δ* from the contact line. The figure also indicates that all the droplets of the same contact angle exhibit the same non-dimensional form. Hence, Eq. ([19a](#Equ20){ref-type=""}) can be used to extrapolate the shear stress profiles for droplets of any radii sufficiently large $\documentclass[12pt]{minimal}
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                \begin{document}$$({r}_{d}\gg \delta )$$\end{document}$. However, for droplets where the radius or height are comparable to *δ*, the stress cannot be scaled up to other radii because it does not reach the bulk stress value. However, it can still be used for the decoupled analysis of a droplet of similar size. Animations comparing the components of normalized stress calculated using the fully-coupled and the decoupled methods for a 10 *μ*m droplet with 30° and 60° contact angles are provided in the Supplementary Information.

For a semi-infinite liquid loaded on the QCM, the frequency response was predicted using the decoupled model and compared with experiments and theory (Fig. [7](#Fig7){ref-type="fig"}). Using *T*~*zx*~ (Eq. ([13](#Equ14){ref-type=""})) as the boundary condition over the entire QCM surface, the decoupled model predicts the frequency response for liquids with different densities and viscosities. The experiments were performed using QCM200 system (Stanford Research Systems) with a 5 MHz AT-cut quartz crystal of 1-inch diameter, submerged in a temperature-controlled beaker with a water-glycerol mixture (Fisher Chemical). The density and the viscosity of water-glycerol mixture for the experiments and the simulations were obtained from Volk and Kähler^[@CR46]^ and Cheng^[@CR47]^. For the range of density and viscosity considered, Kanazawa's equation (Eq. ([2](#Equ2){ref-type=""})) was also used to predict the frequency response of the QCM. Figure [7(a)](#Fig7){ref-type="fig"} shows good agreement in the frequency shifts predicted using the decoupled model, Kanazawa's equation, and those observed in the experiments. This shows that the decoupled model can be used to investigate stress-based loads on the surface of a QCM.

The velocity profile obtained from the computational model for a semi-infinite liquid can be compared to the expected profile given by Eq. ([4b](#Equ5){ref-type=""}). For a 10 MHz QCM loaded with water, the value of *a* in Eq. ([4b](#Equ5){ref-type=""}) is 0.852, and *v*~*c*~ = 0.054 m/s. Figure [7(b)](#Fig7){ref-type="fig"} shows this nonlinear fitting and the computed velocities along several lines parallel to the x-axis, as indicated by the inset. The computational prediction of QCM's surface velocity matches well with the expected Gaussian velocity distribution. Note also that the value of *a* obtained in this study is close to the value presumed in the literature (*a* ≈ 1)^[@CR1]^.

Prior research has shown that compressional or standing waves in the liquid can lead to a unique frequency response for droplets of a particular size and placed at specific locations on the QCM^[@CR28],[@CR39]^. For a horizontal water-air interface, resonance based on compressional modes occur at heights of $\documentclass[12pt]{minimal}
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                \begin{document}$$(2n-1)\lambda /4$$\end{document}$, or odd multiples of *λ*/4, which has been shown in the previous efforts^[@CR36]^. The computational model in this study accurately predicts these resonances. Figure [9(a)](#Fig9){ref-type="fig"} shows the pressure waves in a liquid reservoir of height 9*λ*/4 on the QCM surface, surrounded with air and symmetry over the x-axis. In the case of a finite reservoir, the yz-plane has a pressure minimum while there exist two compressional lobes on either side of the center of the electrode along the x-axis. This was also found in prior research^[@CR28],[@CR36],[@CR39]^. On the other hand, Fig. [9(b)](#Fig9){ref-type="fig"} shows a 5 mm radius droplet with a contact angle of 10.35° that corresponds to a height of 9*λ*/4 over where the compressional modes occur in Fig. [9(a)](#Fig9){ref-type="fig"}. In this case, the yz-plane still has minimum pressure, but compressional lobes do not appear. There exists only a small region of constructive interference waves. Hence, compressional waves were not found to be a major factor in the droplets, in comparison to the case of a finite liquid reservoir. This was also noted by Couturier^[@CR39]^, who found high frequency (*f*~0~ \> 4MHz) planar crystals to have a weaker frequency response to compressional waves.Figure 9(**a**) Magnitude of acoustic pressure (Pa) from compressional waves in (**a**) a finite liquid layer of height 9*λ*/4 and (**b**) a 5 mm radius droplet where it has a height of 9*λ*/4 over the predicted compressional lobes. Both (**a**,**b**) have symmetry over the x-axis.
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